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alyte in an environment, wherein the sensor includes a
working electrode and circuitry in operative connection
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Description

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims benefit of U.S. Patent
Application Serial No. 15/012,919, filed February 2, 2016,
the disclosure of which is incorporated herein by refer-
ence.

BACKGROUND

[0002] The following information is provided to assist
the reader in understanding technologies disclosed be-
low and the environment in which such technologies may
typically be used. The terms used herein are not intended
to be limited to any particular narrow interpretation unless
clearly stated otherwise in this document. References
set forth herein may facilitate understanding of the tech-
nologies or the background thereof. The disclosure of all
references cited herein are incorporated by reference.
[0003] Prudence dictates that gas detection instru-
mentation be tested regularly for functionality. It is a com-
mon practice to, for example, perform a "bump check,"
or functionality check on portable gas detection instru-
mentation on a daily basis. The purpose of this test is to
ensure the functionality of the entire gas detection sys-
tem, commonly referred to as an instrument. A periodic
bump check or functionality check may also be performed
on a permanent gas detection instrument to, for example,
extend the period between full calibrations. Gas detection
systems include at least one gas sensor, electronic cir-
cuitry and a power supply to drive the sensor, interpret
its response and display its response to the user. The
systems further include a housing to enclose and protect
such components. A bump check typically includes: a)
applying a gas of interest (usually the target gas or ana-
lyte gas the instrument is intended to detect); b) collecting
and interpreting the sensor response; and c) indicating
to the end user the functional state of the system (that
is, whether or not the instrument is properly functioning).
[0004] Such bump tests are performed regularly and,
typically, daily. Bump checks provide a relatively high
degree of assurance to the user that the gas detection
device is working properly. The bump check exercises
all the necessary functionalities of all parts of the gas
detection device in the same manner necessary to detect
an alarm level of a hazardous gas. In that regard, the
bump check ensures that there is efficient gas delivery
from the outside of the instrument, through any transport
paths (including, for example, any protection and/or dif-
fusion membranes) to contact the active sensor compo-
nents. The bump check also ensures that the detection
aspect of the sensor itself is working properly and that
the sensor provides the proper response function or sig-
nal. The bump check further ensures that the sensor is
properly connected to its associated power supply and
electronic circuitry and that the sensor signal is being
interpreted properly. Moreover, the bump check ensures

that the indicator(s) or user interface(s) (for example, a
display and/or an annunciation functionality) of the gas
detection instrument is/are functioning as intended.
[0005] However, a periodic/daily bump check require-
ment has a number of significant drawbacks. For exam-
ple, such bump checks are time consuming, especially
in facilities such as industrial facilities that include many
gas detection systems or instruments. The bump check
also requires the use of expensive and potentially haz-
ardous calibration gases. Further, the bump check also
requires a specialized gas delivery system, usually in-
cluding a pressurized gas bottle, a pressure reducing reg-
ulator, and tubing and adapters to correctly supply the
calibration gas to the instrument. The requirement of a
specialized gas delivery system often means that the op-
portunity to bump check a personal gas detection device
is limited in place and time by the availability of the gas
delivery equipment.
[0006] Recently, a number of systems and methods
have been proposed to reduce the number of bump tests
required. Such a system may, for example, include elec-
tronic interrogation of a sensor. A sensor is offline or un-
able to sense an anlayte or target gas or gases during
such electronic interrogation. For example, a number of
sensors include functionality to electronically interrogate
of one or more electrodes thereof, require a user to initiate
an interrogation process which takes between 20-30 sec-
onds. For example, a potential change may be applied
to an electrode for 5-10 seconds and the corresponding
current decay curve is studied over a 20-30 second pe-
riod. As set forth above, during such a 20-30 second pe-
riod, the sensor is offline and can’t be used to sense the
analyte(s). It is desirable to minimize the amount of time
a sensor is offline, particularly in cases wherein a sensor
is used to detect one or more hazardous analytes or tar-
get gases.

SUMMARY

[0007] A method of operating a sensor to detect an
analyte in an environment, wherein the sensor includes
a working electrode and circuitry in operative connection
with the working electrode, includes performing a sensor
interrogation cycle including applying electrical energy
to the working electrode to generate a non-faradaic cur-
rent, measuring a response to the generation of the non-
faradaic current to determine a state of the sensor, and
actively controlling the circuitry to dissipate the non-
faradaic current. In a number of embodiments, the sensor
interrogation cycle lasts less than one second. The meth-
od may, for example, include periodically initiating the
sensor interrogation cycle.
[0008] Applying electrical energy to the working elec-
trode may, for example, include applying a first potential
difference to the working electrode. Actively controlling
the circuitry may, for example, include applying at least
a second potential difference to the working electrode of
opposite polarity to the first potential difference.
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[0009] In a number of embodiments, actively control-
ling the circuitry includes decreasing a load resistance in
electrical connection with the working electrode. Apply-
ing electrical energy to the working electrode may, for
example, include changing the potential of the working
electrode for a period of time. The period of time may,
for example, be no greater than 1/2 seconds, no greater
than 1/16 seconds, or no greater than 1/64 seconds. In
a number of embodiments, decreasing the load resist-
ance occurs at the same time or after measuring the re-
sponse.
[0010] In a number of embodiments, the sensor com-
prises a load resistor and a bypass switch to bypass the
load resistor. The bypass switch may, for example, in-
clude a field effect transistor switch, wherein activating
a field effect transistor switch decreases the load resist-
ance and deactivating the field effect transistor switch
increases the load resistance.
[0011] In a number of embodiments, the method fur-
ther includes adjusting the output of the sensor at least
in part on the basis of the sensor interrogation cycle.
[0012] An electrochemical sensor is operable to detect
an analyte in an environment during an operational mode
of the sensor and includes a working electrode and cir-
cuitry in operative connection with the working electrode,
which is adapted to carry out an electronic interrogation
cycle. The circuitry includes a power source via which
electrical energy is applied to the working electrode dur-
ing the electronic interrogation cycle to generate a non-
faradaic current. The electrochemical sensor further in-
cludes a system to measure a response of the sensor
and a control system to actively control the circuitry to
dissipate the non-faradaic current. In a number of em-
bodiments, the circuitry is adapted to complete the sen-
sor interrogation cycle in less than one second. The cir-
cuitry may, for example, be adapted to periodically initiate
the sensor interrogation cycle.
[0013] The circuitry may, for example, be adapted to
apply a first potential difference to the working electrode.
The control system may, for example, actively control the
circuitry to apply at least a second potential difference to
the working electrode of opposite polarity to the first po-
tential difference to dissipate the non-faradaic current.
The control system may, for example, decrease a load
resistance in electrical connection with the working elec-
trode to dissipate the non-faradaic current. Decreasing
the load resistance may, for example, occur at the same
time or after measuring the response to the generation
of the non-faradaic current.
[0014] Applying electrical energy to the working elec-
trode may, for example, include changing the potential
of the working electrode for a period of time. In a number
of embodiments, the period of time is no greater than 1/2
seconds, no greater than 1/16 seconds, of no greater
than 1/64 seconds.
[0015] In a number of embodiments, the circuitry in-
clude a load resistor and a bypass switch to bypass the
load resistor. The bypass switch may, for example, in-

clude a field effect transistor switch. Activating the field
effect transistor switch may, for example, decrease the
load resistance and deactivating the field effect transistor
switch may, for example, increase the load resistance.
[0016] In a number of embodiments, the control system
is further adapted to adjust output of the sensor at least
in part on the basis the sensor interrogation cycle.
[0017] A method of operating a sensor operable to de-
tect an analyte in an environment, wherein the sensor
includes a working electrode and circuitry in operative
connection with the working electrode, includes perform-
ing a sensor interrogation cycle including applying elec-
trical energy to the working electrode to generate a non-
faradaic current and measuring a response to the gen-
eration of the non-faradaic current to determine a state
of the sensor. In a number of embodiments, the amount
of energy applied is low enough in amplitude and short
enough in duration such that the non-faradaic current
dissipates quickly enough so that a baseline current is
reached less than one second from application of the
electrical energy at which an analytic response of the
sensor can be measured to detect the analyte.
[0018] The present devices, systems, and methods,
along with the attributes and attendant advantages there-
of, will best be appreciated and understood in view of the
following detailed description taken in conjunction with
the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019]

Figure 1A illustrates schematically an embodiment
of an electrochemical sensor hereof.

Figure 1B illustrates a schematic circuit diagram of
an embodiment of a sensor hereof.

Figure 2A illustrates recovery of a sensor signal of
a sensor for hydrogen sulfide (H2S) after imposition
of a 1/16th second +10mV pulse for the case in which
a load resister of a predetermined resistance is in
series with the working electrode and for the case
that the resister is bypassed or short circuited via an
FET switch at the end of the pulse.

Figure 2B illustrates a portion of the results of Figure
2A over expanded output and time scales.

Figure 3A illustrates recovery of a sensor signal of
a sensor for hydrogen sulfide (H2S) after imposition
of a 1/64th second +10mV pulse for the case in which
a load resister of a predetermined resistance is in
series with the working electrode and for the case
that the resister is bypassed or short circuited via an
FET switch at the end of the pulse.

Figure 3B illustrates a portion of the results of Figure
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3A over expanded output and time scales.

Figure 4A illustrates recovery of a sensor signal of
a sensor for carbon monoxide (CO) after imposition
of a 1/16th second +10mV pulse for the case in which
a load resister of a predetermined resistance is in
series with the working electrode and for the case
that the resister is bypassed or short circuited via an
FET switch at the end of the pulse.

Figure 4B illustrates a portion of the results of Figure
4A over expanded output and time scales.

Figure 5A illustrates recovery of a sensor signal of
a sensor for carbon dioxide after imposition of a
1/64th second +10mV pulse for the case in which a
load resister of a predetermined resistance is in se-
ries with the working electrode and for the case that
the resister is bypassed or short circuited via an FET
switch at the end of the pulse.

Figure 5B illustrates a portion of the results of Figure
5A over expanded time and output scales.

Figure 6 illustrates the output of a sensor hereof in
response to a +10 mV test potential difference
wherein an FET switch is activated after the meas-
ured peak value of output (MPV), but prior to collec-
tion of number of additional data points.

Figure 7 illustrates the output of a sensor hereof
wherein an applied potential is toggled between low-
er and higher values over two interrogations cycles
(a "low" interrogation cycle and a "high" interrogation
cycle).

Figure 8 illustrates the output of a sensor hereof
wherein a series of potential step changes is applied
to discharge the current, and wherein each consec-
utive potential step change is of a smaller magnitude
and opposite polarity than the previous one.

Figure 9 illustrates the output of a sensor hereof
wherein longer pulses of potential change than ap-
plied in Figure 8 are applied so that data from ab-
breviated decay curves may be collected.

Figure 10 illustrates the output of a sensor hereof
wherein a potential step change or a pulse of suffi-
ciently small magnitude and short duration is applied
such that active control of the electronic circuitry of
the sensor is not required to dissipate the current
spike in less than, for example, 1 second.

Figure 11 illustrates the output of a sensor hereof
wherein a series of potential step changes or pulses
of a magnitude and duration as described in connec-
tion with Figure 10 are applied, but instead of apply-

ing a potential perturbation as a separate interroga-
tion event, a potential waveform is applied across
the sensor, and data points are sampled at prede-
termined intervals within a cycle.

DETAILED DESCRIPTION

[0020] It will be readily understood that the compo-
nents of the embodiments, as generally described and
illustrated in the figures herein, may be arranged and
designed in a wide variety of different configurations in
addition to the described representative embodiments.
Thus, the following more detailed description of the rep-
resentative embodiments, as illustrated in the figures, is
not intended to limit the scope of the embodiments, as
claimed, but is merely illustrative of representative em-
bodiments.
[0021] Reference throughout this specification to "one
embodiment" or "an embodiment" (or the like) means that
a particular feature, structure, or characteristic described
in connection with the embodiment is included in at least
one embodiment. Thus, the appearance of the phrases
"in one embodiment" or "in an embodiment" or the like
in various places throughout this specification are not
necessarily all referring to the same embodiment.
[0022] Furthermore, described features, structures, or
characteristics may be combined in any suitable manner
in one or more embodiments. In the following description,
numerous specific details are provided to give a thorough
understanding of the embodiments hereof. One skilled
in the relevant art will recognize, however, that the vari-
ous embodiments can be practiced without one or more
of the specific details, or with other methods, compo-
nents, materials, et cetera. In other instances, well known
structures, materials, or operations are not shown or de-
scribed in detail to avoid obfuscation.
[0023] As used herein and in the appended claims, the
singular forms "a," "an", and "the" include plural refer-
ences unless the context clearly dictates otherwise.
Thus, for example, reference to "an electrode" includes
a plurality of such electrodes and equivalents thereof
known to those skilled in the art, and so forth, and refer-
ence to "the electrode" is a reference to one or more such
electrodes and equivalents thereof known to those skilled
in the art, and so forth. Recitation of ranges of values
herein are merely intended to serve as a shorthand meth-
od of referring individually to each separate value falling
within the range. Unless otherwise indicated herein, and
each separate value, as well as intermediate ranges, are
incorporated into the specification as if individually recit-
ed herein. All methods described herein can be per-
formed in any suitable order unless otherwise indicated
herein or otherwise clearly contraindicated by the text.
[0024] As used herein, the term "circuit" or "circuitry"
includes, but is not limited to, hardware, firmware, soft-
ware or combinations of each to perform a function(s) or
an action(s). For example, based on a desired feature or
need. a circuit may include a software controlled micro-
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processor, discrete logic such as an application specific
integrated circuit (ASlC), or other programmed logic de-
vice. A circuit may also be fully embodied as software.
[0025] The term "control system" or "controller," as
used herein includes, but is not limited to, any circuit or
device that coordinates and controls the operation of one
or more input or output devices. For example, a controller
can include a device having one or more processors,
microprocessors, or central processing units (CPUs) ca-
pable of being programmed to perform input or output
functions.
[0026] The term "processor," as used herein includes,
but is not limited to, one or more of virtually any number
of processor systems or stand-alone processors, such
as microprocessors, microcontrollers, central processing
units (CPUs), and digital signal processors (DSPs), in
any combination. A processor may be associated with
various other circuits that support operation of the proc-
essor, such as a memory system (for example, random
access memory (RAM), read-only memory (ROM), pro-
grammable read-only memory (PROM), erasable pro-
grammable read only memory (EPROM)), clocks, decod-
ers, memory controllers, or interrupt controllers, etc.
These support circuits may be internal or external to the
processor or its associated electronic packaging. The
support circuits are in operative communication with the
processor. The support circuits are not necessarily
shown separate from the processor in block diagrams or
other drawings.
[0027] As described above, it is desirable to minimize
the amount of time a sensor is offline to conduct sensor
testing diagnostics (that is, during a sensor interrogation
cycle). In a number of embodiments, devices, systems
and/or methods described herein generally allow for a
return to a normal mode operation for the electrochemical
sensors hereof that is under 10 seconds, under 5 sec-
onds or even under 1 second. The devices, systems and
methods hereof not only allow an instrument including
one or more sensor to remain "online", but also provide
for active, automatic sensor status monitoring as a back-
ground operation, without the requirement of user initia-
tion. The frequency of the interrogations hereof may vary.
Providing for sensor interrogation at a frequency of, for
example, several times an hour can provide for nearly
constant sensor life and health status monitoring.
[0028] In an electrochemical gas sensor, the gas to be
measured typically passes from the surrounding atmos-
phere or environment into a sensor housing through a
gas porous or gas permeable membrane to a first elec-
trode or working electrode (sometimes called a sensing
electrode) where a chemical reaction occurs. A comple-
mentary chemical reaction occurs at a second electrode
known as a counter electrode (or an auxiliary electrode).
The electrochemical sensor produces an analytical sig-
nal via the generation of a current arising directly from
the oxidation or reduction of the analyte gas (that is, the
gas to be detected) at the working electrode. A compre-
hensive discussion of electrochemical gas sensors is al-

so provided in Cao, Z. and Stetter, J.R., "The Properties
and Applications of Amperometric Gas Sensors," Elec-
troanalysis, 4(3), 253 (1992), the disclosure of which is
incorporated herein by reference.
[0029] The working and counter electrode combination
produces an electrical signal that is (1) related to the con-
centration of the analyte gas and (2) sufficiently strong
to provide a signal-to-noise ratio suitable to distinguish
between concentration levels of the analyte gas over the
entire range of interest. In other words, the current flow
between the working electrode and the counter electrode
must be measurably proportional to the concentration of
the analyte gas over the concentration range of interest.
[0030] In addition to a working electrode and a counter
electrode, an electrochemical sensor often includes a
third electrode, commonly referred to as a reference elec-
trode. A reference electrode is used to maintain the work-
ing electrode at a known voltage or potential. The refer-
ence electrode should be physically and chemically sta-
ble in the electrolyte.
[0031] Electrical connection between the working elec-
trode and the counter electrode is maintained through
the electrolyte. Functions of the electrolyte include: (1)
to efficiently carry the ionic current; (2) to solubilize the
analyte gas; (3) to support both the counter and the work-
ing electrode reactions; and (4) to form a stable reference
potential with the reference electrode. Criteria for an elec-
trolyte may, for example, include the following: (1) elec-
trochemical inertness; (2) ionic conductivity; (3) chemical
inertness; (4) temperature stability; (5) low cost; (6) low
toxicity; (7) low flammability; and (8) appropriate viscos-
ity.
[0032] In general, the electrodes of an electrochemical
cell provide a surface at which an oxidation or a reduction
(a redox) reaction occurs to provide a mechanism where-
by the ionic conduction of the electrolyte solution is cou-
pled with the electron conduction of the electrode to pro-
vide a complete circuit for a current. The measurable
current arising from the cell reactions of the electrochem-
ical cell is directly proportional to the extent of reaction
occurring at the electrode. Preferably, therefore, a high
reaction rate is maintained in the electrochemical cell.
For this reason, the counter electrode and/or the working
electrode of the electrochemical cell generally include an
appropriate electrocatalyst on the surface thereof to sup-
port the reaction rate.
[0033] As a result of electrostatic forces, the volume
of solution very close to the working electrode surface is
a very highly ordered structure. This structure is impor-
tant to understanding electrode processes. The volume
of solution very close to the electrode surface is variously
referred to as the diffusion layer, diffuse layer, and or the
Helmholtz layer or plane.
[0034] The magnitudes of the resistance and capaci-
tance present in an electrochemical cell are a result of
the nature and identities of the materials used in its fab-
rication. The resistance of the electrolyte is a result of
the number and types of ions dissolved in the solvent.
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The capacitance of the electrode is primarily a function
of the effective surface area of the electrocatalyst. In an
ideal world, these quantities are invariant. However, the
solution resistance present in an amperometric gas sen-
sor that utilizes an aqueous (water-based) electrolyte
may change, for example, as a result of exposure to dif-
ferent ambient relative humidity levels. As water tran-
spires from the sensor, the chemical concentration of the
ionic electrolyte increases. This concentration change
can lead to increases or decreases in the resistivity of
the electrolyte, depending on the actual electrolyte used.
[0035] Moreover, even for substances normally
thought of as insoluble in a particular solvent, there is a
small, but finite concentration of the substance in the sol-
vent. For example, there is a very small, but finite con-
centration of metal from the electrodes dissolved in the
electrolyte of an electrochemical sensor. This small con-
centration of dissolved metal is constantly in flux. That
is, metal atoms are constantly dissolving from the elec-
trode and then replating somewhere else. The net effect
of this process is to decrease the effective surface area
of the electrode. This has the effect of lowering the sensor
capacitance over time. Both of the above-described ef-
fects have the net effect of changing the sensitivity of the
sensor over its lifetime.
[0036] Figure 1A illustrates a schematic diagram of a
representative embodiment of an electrochemical sensor
10 used in the studies hereof. Sensor 10 includes a hous-
ing 20 having a gas inlet 30 for entry of one or more target
gases or analyte gases into sensor 10. In the illustrated
embodiment, electrolyte saturated wick materials 40a,
40b and 40c separate a working electrode 50 from a ref-
erence electrode 70 and a counter electrode 80 within
sensor 10 and/or provide ionic conduction therebetween
via the electrolyte absorbed therein. Electronic circuitry
90 as known in the art is provided, for example, to main-
tain a desired potential difference between working elec-
trode 50 and reference electrode 70, to vary or pulse the
potential difference as described herein, and to process
an output signal from sensor 10. Electronic circuitry 90
may include or be in operative connection with a control-
ler 90a such as a microprocessor to control various as-
pects of the operation of sensor 10.
[0037] In the illustrated embodiment, working elec-
trode 50 may be formed by, for example, depositing a
first layer of catalyst 54 on a first diffusion membrane 52
(using, for example, catalyst deposition techniques
known in the sensor arts). Working electrode 50 may be
attached (for example, via heat sealing) to an inner sur-
face of a top, cap or lid 22 of housing 20.
[0038] Figure 1B illustrates schematically an embodi-
ment of a portion or part of electronic or control circuitry
90 used in a number of studies of the sensors hereof.
Such electronic circuitry is sometimes referred to as a
potentiostatic circuit. In a three-electrode sensor as illus-
trated in Figure 1A, a predetermined potential difference
or voltage is maintained between reference electrode 70
and sensing or working electrode 50 to control the elec-

trochemical reaction and to deliver an output signal pro-
portional to the current produced by the sensor. As de-
scribed above, working electrode 50 responds to the an-
alyte or target gas by either oxidizing or reducing the gas.
The redox reaction creates a current flow that is propor-
tional to the gas concentration. Current is supplied to
sensor 10 through counter electrode 80. A redox reaction
opposite to that of the reaction at the working electrode
takes place at counter electrode 80, completing the circuit
with working electrode 50. The potential of counter elec-
trode 80 is allowed to float. When gas is detected, the
cell current rises and counter electrode 80 polarizes with
respect to reference electrode 70. The potential on coun-
ter electrode 80 is not important, as long as the circuit
provides sufficient voltage and current to maintain the
correct potential of working electrode 50.
[0039] The measuring circuit for electrical circuitry 90
includes a single stage operational amplifier or op amp
IC1. The sensor current is reflected across a gain resistor
91 (having a resistance of SkS2 in the illustrated embod-
iment), generating an output voltage. A load resistor 92
(having a resistance of 56Ω in the illustrated embodi-
ment) may be chosen, for example, via a balance be-
tween the fastest response time and best signal-to-noise
ratio.
[0040] A control operational amplifier IC2 provides the
potentiostatic control and provides the current to counter
electrode 80 to balance the current required by working
electrode 50. The inverting input into IC2 is connected
to the reference electrode, but does not draw any signif-
icant current from the reference electrode.
[0041] During electronic interrogation of a sensor here-
of such as sensor 10, a non-faradaic current is induced
(for example, via application of energy to working elec-
trode 50). For example, a step change in potential may
be created which generates a non-faradaic current. The
generated non-faradaic current can be used to monitor
the sensor functionality or health as a result of the charg-
ing of the electrodes. However, as described above, the
sensor should be returned to its normal bias potential or
potential range for normal operation in sensing a target
or analyte gas. The process of returning the sensor to its
operating bias or operating potential difference (which
may be zero) produces a current peak (a charge build-
up) in the opposite direction. The current peak arising on
return to the operating potential difference can take many
of seconds to dissipate.
[0042] The present inventors have discovered that in-
formation regarding sensor health or the state of the sen-
sor may be obtained upon application of energy/elec-
trode potential changes that are quite small and/or short
in duration, and measuring/analyzing single data points
or multiple data points over short time spans in a resultant
response/current curve. Moreover, the present inventors
have discovered that a rapid discharge of even relatively
large current peaks arising when inducing a non-faradaic
current in sensor 10 (or another sensor hereof) and/or in
returning sensor 10 (or another sensor hereof) to its op-
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erating potential difference may be achieved via active
control of sensor electronics 90 (for example, by decreas-
ing a load resistance in electronic circuitry 90 between
working electrode 50 and the point at which the output/re-
sponse is measured after the test potential difference
has been applied). In a number of embodiments, the load
resistance between working electrode 50 and the output
of operational amplifier IC1 is decreased to a low value.
Subsequently, the load resistance between working elec-
trode 50 and the output of operational amplifier IC1 is
restored to its normal or operational load resistance (or
to within an operation range of load resistance) after the
charge is substantially dissipated or fully dissipated.
[0043] In a number of embodiments, load resistor 92
(see Figure 1B) is bypassed to decrease the load resist-
ance between working electrode 50 and the inverting ter-
minal of operational amplifier IC1. A bypass circuit 94
may, for example, be provided to bypass load resistor
92. In a number of embodiments, a field effect transistor
(FET) 94a was used as a switch in a bypass circuit 94 to
controllably effect a bypass or short circuit around load
resistor 92. In a number of embodiments, a metal-oxide-
semiconductor FET or MOSFET was used.
[0044] Figures 2A and 2B illustrate the output of sensor
10 including a working electrode 50 designed to detect
hydrogen sulfide or H2S. In the studied embodiment of
Figures 2A and 2B, working electrode 50 was formed by
depositing an iridium catalyst on a diffusion membrane,
reference electrode 70 was formed by depositing an irid-
ium catalyst on a diffusion membrane, and counter elec-
trode 80 was formed by depositing an iridium catalyst on
a diffusion membrane . The bias potential or operating
potential difference of the sensor was 0 mV. As illustrated
in Figure 2A, at a time represented by point A, an elec-
tronic interrogation procedure is initiated. After 0.5 sec-
onds (represented by point B), a test potential difference
is applied. In the illustrated studies, a test potential of
+10 mV was applied. A measured peak value (MPV) of
output was recorded 1/16th of a second after application
of the test potential as represented by point C. At that
time, the potential was also returned to the operating po-
tential difference of 0 mV. Figure 2A illustrates the sensor
output when load resistor 92 is bypassed by activation
of FET 94a and the sensor output when load resistor 92
is not bypassed. In the case where load resistor 92 is
bypassed, FET 94a was activated at generally the same
time or contemporaneously with return of the potential to
the operating potential difference. As illustrated in Figure
2A, the significantly lower load resistance causes a sig-
nificantly greater negative current spike (which would be
viewed as a very high negative gas ppm reading in the
normal mode of operation) than the case in which load
resistor 92 is not bypassed. It was, therefore, surprising
that the rapid discharge which occurs upon bypassing
load resistor 92 returns the sensor output to the baseline
in a very short period of time (that is, in less than 1 sec-
ond). The contrast with the case in which load resistor
92 is not bypassed is best illustrated in Figure 2B in which

the output scale is expanded. As illustrated in Figure 2B,
the output returns to the baseline output in less than one
second (that is, from t=0.5 seconds to t≈0.95 seconds)
when load resistor 92 is bypassed, whereas it takes many
seconds for the output to return to the baseline output
when load resistor 92 is not bypassed. As illustrated in
Figure 2A, when FET 94a is deactivated and 56 S2 load
resistor 92 is restored in the circuit at a time of approxi-
mately 0.95 seconds as represented by point D, the out-
put current is below a value that would be discerned by
the end user. This value is typically in the range of ap-
proximately 0 to 62 ppm of the target gas
[0045] Figures 3A and 3B illustrate the output of the
H2S sensor when a test potential of +10 mV is applied
for 1/64th of a second. Approximately 0.5 seconds after
initiation of the test procedure at t=0, a test potential dif-
ference of +10 mV is applied. The peak output value was
recorded 1/64th of a second after application of the test
potential. At that time, the potential difference was also
returned to the operating potential difference of 0 mV.
Figure 3A illustrates both the sensor output when load
resistor 92 is bypassed by activation of FET 94a, and the
sensor output when load resistor 92 is not bypassed. In
the case where the load resistor is bypassed, FET 94a
was activated at generally the same time or contempo-
raneously with return of the potential to the operating
potential difference. Once again, the significantly lower
load resistance causes a significantly greater negative
current spike (that would viewed as a very high negative
gas ppm reading in the normal mode of operation) than
the case in which load resistor 92 is not bypassed. The
contrast with the case in which load resistor 92 is not
bypassed is best illustrated in Figure 3B in which the
output scale is expanded. As illustrated in Figure 3B, sim-
ilar to the results illustrated in Figure 2B, although the
output returns to the baseline output in less than one
second when load resistor 92 is bypassed, it takes many
seconds for the output to return to the baseline output
when load resistor 92 is not bypassed (Figure 3B). The
56 S2 load resistor 92 was restored in the circuit at a time
of less than 1 second from the initiation of the test pro-
cedure.
[0046] Figures 4A and 4B illustrate the output of sensor
10 including a working electrode 50 designed to detect
carbon monoxide or CO in response to a +10 mV test
potential difference lasting for 1/16th of a second. In the
studied embodiment of Figures 2A and 2B, working elec-
trode 50 was formed by depositing an platinum catalyst
on a diffusion membrane , reference electrode 70 was
formed by depositing an platinum catalyst on a diffusion
membrane , and counter electrode 80 was formed by de-
positing an platinum catalyst on a diffusion membrane .
The bias potential or operating potential difference of the
sensor was 180 mV. Similar to the studies described in
connection with Figures 2A and 2B, approximately 0.5
seconds after initiation of the test procedure at t=0, a test
potential difference of +10 mV is applied. The peak output
value was recorded 1/16th of a second after application
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of the test potential and the potential difference was re-
turned to the operating potential difference of 180 mV.
Figure 4A illustrates sensor output when load resistor 92
is bypassed by activation of FET 94a and sensor output
when load resistor 92 is not bypassed. In the case where-
in load resistor 92 is bypassed, FET 94a was activated
at generally the same time or contemporaneously with
return of the potential to the operating potential differ-
ence. As with the H2S sensors studied in connection with
Figures 2A through 3B, the significantly lower load re-
sistance causes a significantly greater negative current
spike than is the case when load resistor 92 is not by-
passed. The contrast with the case in which load resistor
92 is not bypassed is best illustrated in Figure 4B in which
the output scale is expanded. As shown in Figure 4B,
although the output returns to approximately the baseline
output in less than one second when load resistor 92 is
bypassed, it takes many seconds for the output to return
to the baseline output when load resistor 92 is not by-
passed. The 56 S2 load resistor 92 was restored in the
circuit, and the sensor returned to normal operation, at
a time of less than 1 second from the initiation of the test
procedure. Figures 5A and 5B illustrate similar results
with an application of a test potential difference of +10
mV for 1/64th of a second.
[0047] Figure 6 illustrates another embodiment of a
sensor interrogation methodology hereof. In that regard
Figure 6 illustrates the output of a sensor hereof in re-
sponse to a +10 mV test potential difference lasting for
approximately 1/16th of a second. In this embodiment,
FET 94a is applied 3/64th of a second after the measured
peak value of output (MPV), but prior to collection of a
number of additional data points. At point B, the potential
is increased from 0mV to +10MV. The measured maxi-
mum peak value and a small portion of the positive decay
curve are recorded. At point C, the FET is activated and
the potential is returned to 0mV. The current is then al-
lowed to decay to near zero. This methodology allows
more sensor data to be retrieved before FET 94a is ac-
tivated while reducing the accumulated charge com-
pared to techniques in which an increased potential is
applied for, for example, 5-10 seconds. The smaller ac-
cumulated charge hereof translates into a shorter recov-
ery time, but provides significant information regarding
the state/health of the sensor. The measured peak value,
the slope of the decay curve, the positive area under
curve (+AUC) of the abbreviated decay curve, and the
negative area under curve (-AUC) of the current dis-
charge during FET activation are among the parameters
that may collected. More data may be collected and po-
tentially used for sensor interrogation while shortening
the recovery time.
[0048] Figure 7 illustrates another embodiment of a
methodology hereof in which an applied potential is tog-
gled between lower and higher values over two interro-
gations cycles (a "low" interrogation cycle and a "high"
interrogation cycle). In the method of Figure 7, a positive
potential step is applied at point B (for example, from 0

mV to +10 mV) during the first of two interrogation cycles.
Data collected may include the positive measured peak
value as well as the nature of the abbreviated decay
curve. FET 94a is activated at point C. However, the po-
tential is not returned to the original potential at point C,
but is maintained at the increased potential initiated at
point B. Activating FET 94a quickly discharges the curve
from the positive step initiated at point B. FET 94a is de-
activated at point D, before the sensor/instrument
resumes operation at the increased potential established
at point B (for example, +10 mV). Thus, the sensor’s op-
erating potential is now at a higher positive from its orig-
inal potential (0 mV for instance), even after the sensor
has returned to normal gas detection operation. The sen-
sor performs nominally as long as the original potential
is chosen to be within a plateau region wherein small
changes in potential do not significantly change sensor
performance. At the initiation of the second interrogation
at point E, the potential is toggled back to the original
value (for example, 0 mV). The resultant negative re-
sponse is characterized to draw data regarding sensor
state/health. Once again, data collected may include the
negative measured peak value as well as the nature of
the abbreviated decay curve. FET 94a is activated at
point F and data is collected in the same manner as de-
scribed above. However, the current direction is opposite
in polarity.
[0049] In addition to the collected data described
above, additional information may, for example, be ob-
tained by comparing the positive and negative responses
(MPV+ vs. MPV-, AUC+ vs. AUC-, slope of decay+ vs.
slope of decay-). A similar toggling approach may be ap-
plied to the representative examples described in con-
nection with Figures 2A through 5B. In the case of those
representative embodiments, the FET may be activated
immediately after the MPV is taken and the data available
would include the MPV+ and the MPV-.
[0050] Actions other than decreasing resistance may
be taken to rapidly discharge current arising from, for
example, a change in potential. Figure 8, for example,
illustrates a representative example in which a series of
potential step changes is applied to discharge the cur-
rent. In this example, each consecutive potential step
change is of a smaller magnitude and opposite polarity
than the previous one. This process occurs until the po-
tential steps are so small that the resulting current has
returned to approximately zero. With each consecutive
step change in potential, the current is driven in the op-
posite direction from the previous step, and the potential
may, for example, be changed to the next potential when
the current is measured to be approximately zero.
[0051] In the representative example of Figure 8, the
potential is altered with very fast pulses and only the
MPV’s are collected. Both the positive and negative
MPV’s may be collected. Sensor data may be collected
and relationships analyzed. For example, one may ana-
lyze all of the MPV+ values and determine changes over
time to predict sensor health.
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[0052] In the example of Figure 9, longer pulses of po-
tential change than applied in the representative example
of Figure 8 are applied. MPV’s and AUC’s of abbreviated
decay curves may be collected (as discussed in connec-
tion with Figure 7). Further, the relationships between
these values over time may be used as sensor
state/health predictors.
[0053] Additionally, in either of the representative ex-
amples of Figures 8 and 9, one may calculate a magni-
tude and duration of the subsequent pulse from the in-
formation obtained in the previous pulse. In such an em-
bodiment, instead of having a series of potential steps
with predetermined magnitudes and durations, the sys-
tem calculates, in real time, an improved or optimized
sequence with the goal of more quickly dissipating the
current. In this approach, the information from only the
first potential step would typically be used as a predictor
of sensor state/health as the first potential step would be
the only one guaranteed to be the same between inter-
rogation events. Once again, the subsequent pulses may
be optimized in real time with the sole purpose of rapidly
discharging the current. As such, the subsequent poten-
tial step pulses will be variable over time, potentially mak-
ing it difficult to predict sensor performance from respons-
es thereto.
[0054] As described above, instrument polling rates
are currently designed to be approximately 1 second. It
is unlikely in the vast majority of situations that future
instruments will be designed to sample faster that 1 sec-
ond per data point. Continued advances in electronics
(such as integrated circuit or ASIC design) allow for fur-
ther optimizing sensor interrogation parameters. Such
optimization allows faster interrogation by, for example,
using pulses of smaller magnitudes and shorter durations
than described in the above examples (see, for example,
Figure 10). As the pulse amplitude/height (that is, poten-
tial step) gets smaller and the pulse duration gets shorter,
the amount of charge that is produced during the inter-
rogation is reduced and, consequently, the time required
to recover is reduced. Active control of electronic circuitry
of the sensor, such as via reduction of resistance (for
example, using a FET), to dissipate charge may not be
needed.
[0055] Instead of applying a potential perturbation as
a separate interrogation event, a potential waveform may
be constantly applied across the sensor, and data points
may be sampled at predetermined intervals within a cycle
(see Figure 11). This waveform may, for example, be a
step function. However, other waveforms may be used
(for example, a sine wave, a triangle wave, etc.). This
methodology is a variation of Figure 10. In that regard,
the magnitudes and duration of the potential steps are
of small enough magnitude and short enough duration
to allow the current to discharge quickly. Data/Informa-
tion may be collected at predetermined intervals during
the potential waveform. For example, MPV’s, AUC’s and
normal (analytical) gas readings may be taken at the
same time during each cycle.

[0056] In a number of embodiments, described above,
a short circuit was created via a FET to quickly dissipate
charge. In a number of embodiments, one may, at the
same time as activation of a FET or separately from ac-
tivation of a FET/switch, apply a pulse in the opposite
direction of a determined magnitude to pull off the original
charge that was applied minus any loss of charge. The
amount of charge can be readily determined by a person
skilled in the electrical arts given the proper context. This
result may also be accomplished with a current pulse
rather than a voltage pulse.
[0057] In a number of embodiments hereof, current is
measured during a pulse and compared to a previously
determined, calibrated value as described above. The
calibrated value is determined during the last gas cali-
bration (that is, at the time of manufacture and at subse-
quent gas calibrations of an instrument). Comparison of
the calibrated value and the measured value not only
provides a measurement of the state of the sensor, but
also provides a means to adjust sensor output (for ex-
ample, to correct for the sensor sensitivity). In a number
of representative embodiments of systems, devices
and/or methods hereof an internal, electronic check or
interrogation of sensor functionality, connection, may be
made as described herein (without the application of an
analyte gas or a simulant therefor) and sensor output
may be corrected as, for example, described in US Patent
No. 7,413,645, the disclosure of which is incorporated
herein by reference. A correction factor applied to sensor
output may, for example, have the mathematical form: 

[0058] In the above equitation, SC is the corrected sen-
sitivity of the sensor, R0 and S0 were the initial values of
response function and sensitivity, respectively, Ri and Si
were the response function and sensitivity, respectively,
at any point in time during the experiment, and a was an
adjustable parameter. The form of this equation is not
unique; other correction functions may be used as well.
The application of this correction factor to the experimen-
tal data brought the indicated response of the instrument
back into the specified range over the entire course of
the experiment, thereby eliminating the need to recali-
brate the sensor against a known standard calibration
gas.
[0059] Further advantageous embodiments will be de-
scribed with the help of the following clauses:

1. A method of operating a sensor to detect an an-
alyte in an environment, the sensor including a work-
ing electrode and circuitry in operative connection
with the working electrode, the method comprising:
performing a sensor interrogation cycle comprising
applying electrical energy to the working electrode
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to generate a non-faradaic current, measuring a re-
sponse to the generation of the non-faradaic current
to determine a state of the sensor, and actively con-
trolling the circuitry to dissipate the non-faradaic cur-
rent.

2. The method of clause 1 wherein the sensor inter-
rogation cycle lasts less than one second.

3. The method of clause 2 wherein applying electrical
energy to the working electrode comprises applying
a first potential difference to the working electrode
and actively controlling the circuitry comprises ap-
plying at least a second potential difference to the
working electrode of opposite polarity to the first po-
tential difference.

4. The method of clause 2 wherein actively control-
ling the circuitry comprises decreasing a load resist-
ance in electrical connection with the working elec-
trode.

5. The method of clause 4 wherein applying electrical
energy to the working electrode comprises changing
the potential of the working electrode for a period of
time.

6. The method of clause 5 wherein decreasing the
load resistance occurs at the same time or after
measuring the response.

7. The method of clause 5 wherein the period of time
is no greater than 1/2 seconds.

8. The method of clause 5 wherein the period of time
is no greater than 1/16 seconds.

9. The method of clause 5 wherein the period of time
is no greater than 1/64 seconds.

10. The method of clause 5 wherein the sensor com-
prises a load resistor and a bypass switch to bypass
the load resistor.

11. The method of clause 10 wherein the bypass
switch comprises a field effect transistor switch,
wherein activating a field effect transistor switch de-
creases the load resistance and deactivating the field
effect transistor switch increases the load resist-
ance.

12. The method of clause 2 further comprising peri-
odically initiating the sensor interrogation cycle.

13. The method of clause 2 further comprising ad-
justing an output of the sensor at least in part on the
basis the sensor interrogation cycle.

14. An electrochemical sensor operable to detect an
analyte in an environment during an operational
mode of the sensor, the sensor, comprising:
a working electrode, and circuitry in operative con-
nection with the working electrode, the circuitry
adapted to carry out an electronic interrogation cycle,
the circuitry comprising a power source via which
electrical energy is applied to the working electrode
during the electronic interrogation cycle to generate
a non-faradaic current, a system to measure a re-
sponse of the sensor, and a control system to actively
control the circuitry to dissipate the non-faradaic cur-
rent.

15. The electrochemical sensor of clause 14 wherein
the circuitry is adapted to complete the sensor inter-
rogation cycle in less than one second.

16. The electrochemical sensor of clause 15 wherein
the circuitry is adapted to apply a first potential dif-
ference to the working electrode and the control sys-
tem actively controls the circuitry to apply at least a
second potential difference to the working electrode
of opposite polarity to the first potential difference to
dissipate the non-faradaic current.

17. The electrochemical sensor of clause 15 wherein
the control system decreases a load resistance in
electrical connection with the working electrode to
dissipate the non-faradaic current.

18. The electrochemical sensor of clause 17 wherein
applying electrical energy to the working electrode
comprises changing the potential of the working
electrode for a period of time.

19. The electrochemical sensor of clause 17 wherein
decreasing the load resistance occurs at the same
time or after measuring the response.

20. The electrochemical sensor of clause 18 wherein
the period of time is no greater than 1/2 seconds.

21. The electrochemical sensor of clause 18 wherein
the period of time is no greater than 1/16 seconds.

22. The electrochemical sensor of clause 18 wherein
the period of time is no greater than 1/64 seconds.

23. The electrochemical sensor of clause 17 wherein
the circuitry comprises a load resistor and a bypass
switch to bypass the load resistor.

24. The electrochemical sensor of clause 23 wherein
the bypass switch comprises a field effect transistor
switch, and wherein activating the field effect tran-
sistor switch decreases the load resistance and de-
activating the field effect transistor switch increases
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the load resistance.

25. The electrochemical sensor of clause 15 wherein
the circuitry is adapted to periodically initiate the sen-
sor interrogation cycle.

26. The electrochemical sensor of clause 15 wherein
the control system is further adapted to adjust an
output of the sensor at least in part on the basis the
sensor interrogation cycle.

[0060] The foregoing description and accompanying
drawings set forth a number of representative embodi-
ments at the present time. Various modifications, addi-
tions and alternative designs will, of course, become ap-
parent to those skilled in the art in light of the foregoing
teachings without departing from the scope hereof, which
is indicated by the following claims rather than by the
foregoing description. All changes and variations that fall
within the meaning and range of equivalency of the claims
are to be embraced within their scope.

Claims

1. A method of operating a sensor (10) to detect an
analyte in an environment, the sensor (10) including
a working electrode (50) and circuitry (90) in opera-
tive connection with the working electrode (50), the
method comprising: performing a sensor interroga-
tion cycle comprising applying electrical energy to
the working electrode (50), thereby generating a
non- faradaic current, measuring a response to the
generation of the non-faradaic current to determine
a state of the sensor (10), and actively controlling
the circuitry (90) to decrease an amount of time re-
quired to dissipate the non-faradaic current and re-
turn the sensor (10) to a baseline output at which an
analytic response of the sensor (10) can be moni-
tored to detect the analyte,
characterized in that
generating the non-faradaic current comprises ap-
plying a first potential difference to the working elec-
trode (50) and actively controlling the circuitry (90)
comprises applying at least a second potential dif-
ference to the working electrode (50) subsequent to
applying the first potential difference which is smaller
in magnitude than the first potential difference and
of opposite polarity to the first potential difference.

2. The method of claim 1, wherein
the sensor interrogation cycle lasts less than one
second.

3. The method of claim 1, wherein
applying the first potential difference to the working
electrode (50) comprises changing the potential of
the working electrode (50) for a period of time.

4. The method of claim 3, wherein
the period of time is no greater than 1/2 seconds,
optionally less than 1/16 second or optionally less
than 1/64 seconds.

5. The method of claim 1, further comprising
periodically initiating the sensor interrogation cycle.

6. An electrochemical sensor (10) operable to detect
an analyte in an environment during an operational
mode of the sensor (10), the sensor (10), comprising:
a working electrode (50), and circuitry (90) in oper-
ative connection with the working electrode (50), the
circuitry (90) adapted to carry out an electronic in-
terrogation cycle, the circuitry (90) comprising a pow-
er source via which electrical energy in the form of
a first potential difference is applied to the working
electrode (50) during the electronic interrogation cy-
cle to generate a non-faradaic current, a system to
measure a response of the sensor (50), and a control
system (90a) to actively control the circuitry (90) to
dissipate the non-faradaic current and decrease an
amount of time required to return the sensor (10) to
a baseline output at which an analytic response of
the sensor (10) can be monitored to detect the ana-
lyte, characterized in that the control system (90a)
is adapted to actively control the circuitry (90) to ap-
ply the first potential difference to the working elec-
trode (50) to generate the non-faradaic current and
adapted to actively control the circuitry (90) to apply
at least a second potential difference to the working
electrode (50) subsequent to applying the first po-
tential difference which is smaller in magnitude than
the first potential difference and of opposite polarity
to the first potential difference.

7. The electrochemical sensor of claim 6, wherein
the circuitry (90) is adapted to complete the sensor
interrogation cycle in less than one second.

8. The electrochemical sensor of claim 6, wherein
the circuitry (90) is configured to apply the first po-
tential difference to the working electrode (50) by
changing the potential of the working electrode (50)
for a period of time.

9. The electrochemical sensor of claim 8, wherein
the period of time is no greater than 1/2 seconds,
optionally less than 1/16 second or optionally less
than 1/64 seconds.

10. The electrochemical sensor of claim 6 wherein
the circuitry (90) is further configured to periodically
initiating the sensor interrogation cycle.
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